INTRODUCTION
Gonadotropin-releasing hormone (GnRH) is the key regulatory neurohormone central to the control of reproduction in all vertebrates. Considerable diversity exists in the molecular structure of GnRHs among vertebrates and protochordates. Currently, ten structures of the GnRH decapeptide have been determined in various vertebrate species, including lamprey GnRH-I and -III, and two in invertebrates (Sower et al. 1993 , Sherwood et al. 1986 . In all GnRH peptides, certain regions of the molecule have been highly conserved, including the NH 2 -terminal, pGlu 1 and Ser 4 , and the COOH-terminal. These regions and the length of the molecule have remained unchanged during 500 million years of chordate evolution.
Similar to other neuropeptides, GnRH is first synthesized as a larger precursor protein, preproGnRH, which is then processed to the final decapeptide (Klungland et al. 1992a) . The nucleotide sequences of GnRH have been isolated from human (Seeburg & Adelman 1984 , Adelman et al. 1986 , Hayflick et al. 1989 , Radovick et al. 1990 , Dong et al. 1993 , rat (Adelman et al. 1986 , Goubau et al. 1992 , mouse (Mason et al. 1986) , frog (Hayes et al. 1994) , salmonid species (Coe et al. 1995 , Klungland et al. 1992a b, Suzuki et al. 1992 , Ashihara et al. 1995 , African cichlid (Bond et al. 1991 , White et al. 1994 , red seabream (Okuzawa et al. 1994) , plainfin midshipman (Grober et al. 1995) , striped bass (Gothilf et al. 1995 , Chow et al. 1998 , gilthead seabream (Gothilf et al. 1996) , goldfish (Lin & Peter 1996) , catfish (Bogerd et al. 1994) and chicken (Dunn et al. 1993) . Although the nucleotide sequences of six forms of GnRH have been isolated and sequenced from different species representing four of the seven classes of vertebrates, to date a GnRH nucleotide sequence has not been identified in any species from the two oldest lineages of vertebrates, the Agnatha and Chondrichthyes, or from the invertebrates.
From the known nucleotide sequences of GnRH, it is clear that the precursor molecule is tripartite. It consists of a signal peptide, the GnRH decapeptide directly followed by a cleavage site, and the sequence encoding a GnRH-associated peptide (GAP) (Andersen & Klungland 1993) . The genomic sequences for GnRH have been determined in human and rat (Adelman et al. 1986 ), Atlantic salmon (Klungland et al. 1992b) , chicken (Chicken GnRH-I; Dunn et al. 1993) , masu salmon (Higa et al. 1997) , striped bass (Chow et al. 1998) , and sockeye salmon (Coe et al. 1995) . The organization of the gene is similar across these species consisting of four exons. The coding region is dispersed over exons 2-4. Exon-2 encodes the signal peptide, the GnRH decapeptide, the cleavage site and the N-terminal portion of GAP; exon-3 consists entirely of the middle portion of the GAP molecule; exon-4 contains the C-terminal of GAP and the 3 untranslated region (Andersen & Klungland 1993) .
The objective of the present study was to isolate and characterize the cDNA that encodes lamprey GnRH. This information will allow for a more complete comparison of the evolution of genetic information encoding a significant regulatory peptide key in the reproductive control of vertebrate species.
MATERIALS AND METHODS

Animals
Adult sea lampreys were captured during their upstream migration at the Cocheco River salmon ladder in Dover, NH, USA. The lampreys were maintained at the Anadromous Fish and Invertebrate Research Laboratory at the University of New Hampshire.
Nucleic acid preparation
Total RNA was prepared typically from 1 g frozen tissue using the single step method described by Chomzynski & Sacchi (1987) . The integrity of total RNA was verified by ethidium bromide staining of 28S and 18S ribosomal RNA. Poly(A+) RNA was affinity purified using either a Poly(A+) RNA Quick isolation kit (Stratagene, La Jolla, CA, USA) or by a PolyA tract mRNA isolation system (Promega, Madison, WI, USA). First-strand cDNA for PCR template was synthesized using the avian myeloblastosis virus reverse transcriptase (AMV-RT) and oligo (dT) 25 as a primer.
Isolation of lamprey GnRH-I cDNA
The lamprey GnRH-I cDNA was obtained by rapid amplification of cDNA ends (RACE) (Frohman et al. 1988) . A degenerate primer, L-GnRH32 (5 -AGCA(C/T)T(G/A)ITCI(C/T)A (C/T)(G/C)AITGGAA(G/A)CCIGGIGG-3 ) was designed according to the peptide sequence of lamprey GnRH-I and -III. PCR amplification of the 3 end of cDNA was performed using L-GnRH32 and oligo (dT) 25 primer. The first 15 cycles of PCR amplification were carried out under the following conditions: denaturation at 94 C for 30 s, annealing at 40 C for 1 min, extension at 72 C for 1 min. The subsequent 20 cycles of amplification were performed with the following conditions: denaturation at 94 C for 45 s, annealing at 60 C for 30 s, extension at 72 C for 45 s. PCR fragments were cloned into a pT7-Blue vector (Novagen, Madison, WI, USA), T-easy vector (Promega) or p-GEM 7 (Promega) for sequence analysis by the University of New Hampshire sequencing facility.
Next, an antisense primer specific to the putative GnRH GAP region was designed for 5 -RACE. The 5 RACE of lamprey GnRH-I cDNA was performed using the antisense GAP primer and poly (dG) 15 . The forty cycles of PCR amplification were carried out as follows: denaturation at 94 C for 45 s, annealing at 40 C for 1 min, extension at 72 C for 1 min. The PCR fragments were subcloned and subjected to Southern blot analysis to select clones containing lamprey GnRH-I sequence.
Specific PCR primers (RG1, RG2, RG3 and RG4) were designed according to the partial lamprey GnRH-I cDNA sequences obtained by RACE. The primers were used in the combinations RG1/RG4, RG1/RG2 and RG3/RG4 to sequence lamprey GnRH-I completely. The PCR fragments were purified by Gene Clean II (BIO 101 Inc.) and either sequenced directly or cloned into plasmid vectors for sequencing.
Northern blot and RT-PCR analysis
The tissue distribution of lamprey GnRH-I mRNA was examined by both northern blot and reverse transcriptase PCR (RT-PCR) analyses. For northern blot analysis 10 µg mRNA from lamprey brain, liver, kidney, testis and ovary were separated on a 1·5% agarose 6% formaldehyde gel and transferred to a Hybond-N nylon membrane (Amersham). Lamprey GnRH-I mRNA was detected by the hybridization (6 SSPE, 0·1% SDS, 5 Denhardt's solution; 67 C, 16 h) of radiolabeled lamprey GnRH-I cDNA, which was prepared by PCR amplification of the cDNA using RG-1 and RG-4 as primers.
For RT-PCR, PCR products of mRNA isolated from lamprey brain, liver, kidney, testis and ovary were amplified using the GnRH-I specific primer pairs RG1/RG2 and RG1/RG4 in 35 cycles of the following conditions: denaturation at 94 C for 30 s, annealing at 50 C for 1 min, extension at 72 C for 2 min. PCR fragments were separated by 1% agarose gel electrophoresis and transferred to nylon membranes for Southern blot analysis (Sambrook et al. 1989) .
Lamprey GnRH-I cDNA (obtained from 3 -RACE) was used as the probe to determine the authenticity of PCR fragments as lamprey GnRH-I. As a control, -actin cDNA was amplified from the same tissues and analyzed using mouse -actin cDNA as the probe (Leader et al. 1986 ).
Genomic DNA analysis
To determine gene copy number of lamprey GnRH-I, lamprey genomic DNA was digested with the restriction enzymes, Apa-I (Promega), Bstx-I (Promega), EcoR-I (Stratagene) and Pst-I (Stratagene). Digested DNA was separated by agarose gel electrophoresis and transferred to a nylon membrane for Southern blot analysis using the lamprey GnRH-I cDNA as a probe. Lamprey genomic DNA was further analyzed in order to examine the intron-2 and intron-3 splice junctions. Genomic DNA was extracted from lamprey testis as described by Sambrook et al. (1989) . Two sets of primers, intron-2 + /intron-2 and intron-3 + /RG-2, were used for PCR amplification of genomic DNA in 35 cycles of the following conditions: denaturation at 94 C for 30 s, annealing at 50 C for 1 min, extension at 72 C for 2 min. PCR fragments separated by electrophoresis were extracted from agarose gels by the freeze/squeeze procedure (Tautz & Renz 1983) , and cloned into a T-easy vector (Promega) for sequence analysis.
Sequence and phylogenetic analyses
The signal peptide cleavage site and the transmembrane helix structure of lamprey GnRH-I were predicted by the methods described by Nielsen et al. (1997) and Sonnhammer et al. (1998) respectively. The sequence homology of preproGnRH was analyzed by Megalign (DNA Star) using the PAM250 weight table for multiple alignment of prepro-GnRH sequences. Each family (or group) of GnRHs was aligned separately with the lamprey GnRH precursor to prevent gap insertions. Hydrophilicity of prepro-GnRH was estimated by the Kyte-Doolittle method using the program Protean in DNA Star (Kyte & Doolittle 1982) . The -helix regions of the GnRH precursor were predicted using the Garnier-Robson method (Garnier & Robson 1989) .
Thirty-two GnRH prehormones or 24 cDNA sequences encoding prepro-GnRH were used for phylogenetic analysis of the lamprey GnRH-I precursor using Megalign. Species and GenBank accession numbers of GnRH sequences used are as follows: pig L32864; mouse M14972; rat M15527; sheep U02517; tree shrew U63326 & U63327; human E00844 & AF036329; chicken X69491; Xenopus L28040; roach U60667 & U60668; goldfish U30386 & U30301; sockeye salmon D31869 & D31868; cherry salmon D10946; Atlantic salmon X79709; brook trout X79712; plainfin midshipman U41669; red seabream D86582; gilthead sea bream U30311, U30320 & U30325; cichlid AF076963, AF076962 & AF076961; African catfish X78049 & X78047; striped bass AF056314; guinea pig AF033346. The phylogenetic tree was constructed by PAUP 4·0 (Swofford 1998 ) using the distances between each prepro-GnRH sequence as parameters.
RESULTS
Isolation of lamprey GnRH-I cDNA
The 3 -RACE amplified the region of lamprey GnRH-I cDNA from the GnRH decapeptide to the poly(A) tail (Fig. 1) . Sequence analysis of L-GnRH-3 identified partial lamprey GnRH-I sequences with a dibasic cleavage site (-Lys-Arg-) and a putative associated peptide sequence following the L-GnRH25 primer sequence. Clone L-GnRH-5 , obtained by 5 RACE, also contained partial lamprey GnRH-I sequence. L-GnRH-3 and L-GnRH-5 sequences overlapped by 133 bp. However, additional clones representing both the 3 -and 5 -ends of lamprey GnRH-I cDNA were analyzed. The entire cDNA sequence for lamprey GnRH-I was obtained by overlapping the sequences of the PCR clones created with the primer pairs RG1/RG4, RG1/RG2 and RG3/RG4.
As shown in Fig. 2 , the lamprey GnRH-I cDNA consists of 638 nucleotides. The deduced amino acid (aa) sequence of prepro-lamprey GnRH-I is 87 residues in length. Like other known preproGnRHs, the lamprey GnRH-I precursor is tripartite and consists of a signal peptide (24 aa), a GnRH peptide with a processing site (13 aa) and a GAP (50 aa). The predicted signal peptide cleavage site is located just before the first glutamine of the GnRH decapeptide. Transmembrane helix structure was found at the amino-terminal part of the lamprey GnRH-I precursor, which is located between serine ( 19) of the signal peptide and leucine (+5) of the GnRH decapeptide.
Multiple lamprey GnRH-I transcripts
Heterogeneity was detected in the sequences coding for GAP. In 25 clones that were analyzed, three different transcripts were identified: lamprey GnRH-I GAP49, lamprey GnRH-I GAP50 and lamprey GnRH-I GAP 58 (GenBank Accession Numbers: AF144481, AF144479, AF144480 respectively). The DNA sequences encoding the untranslated regions, the signal peptide and GnRH decapeptide were identical in all clones; only the GAP sequences varied. Nineteen clones of the 25 were lamprey GnRH GAP50, three clones were lamprey GnRH GAP49, and three were lamprey GnRH GAP58. The results from PCR analysis on cDNA prepared from a single lamprey brain confirmed that in the ten clones analyzed, one was lamprey GnRH GAP49, one was lamprey GnRH GAP58 and the remainder were lamprey GnRH-I GAP50. The DNA sequence of the predominant lamprey GnRH GAP50 was the original lamprey GnRH-I sequence obtained by direct sequencing of PCR fragments.
Tissue distribution of lamprey GnRH-I mRNA
Analysis by both RT-PCR (Fig. 3A) and northern blot analysis (Fig. 3C) revealed that the lamprey GnRH-I mRNA was primarily expressed in the brain. Preliminary results indicate minimal expression in the testis, but none in the liver, kidney and ovary.
Analysis of lamprey GnRH-I genomic DNA
All genomic DNA fragments encoding lamprey GnRH-I migrated as a single band, indicating that lamprey GnRH-I is encoded by a single gene (data not shown). The three lamprey GnRH-I transcripts were thus believed to be the products of alternative splicing from a single gene. To explore the gene structure that produced three different lamprey GnRH-I transcripts, the genomic DNA fragments that contained complete intron-2 or intron-3 with adjacent exon sequences were amplified by PCR from lamprey genomic DNA (Fig. 4) . Sequence analysis revealed several repeats of a putative splice site, GTCAGT, at the beginning of intron-2 (Fig. 5A) . A tandem CAG sequence was also found at the end of intron-2 where the splice site for exon-3 was located. In contrast, a single splice site, GTGAGT, was found at the beginning and end of intron-3 (data not shown). Figures 5B and 6 present a model for the alternate splicing and GAP rearrangement of the three different lamprey GnRH-I transcripts.
Structural analysis of the lamprey GnRH-I precursor
Comparisons of the known prepro-GnRH sequences showed the region of the GnRH precursor with the highest similarity was the bioactive portion of the molecule -the GnRH decapeptide and the processing site (Fig. 7) . Similarly to all other prepro-GnRHs, the lamprey GnRH-I precursor had a hydrophobic core and an -helix structure located in the signal peptide.
 3. Expression of lamprey GnRH-I gene within various organs of mature sea lamprey (P. marinus). The amount of lamprey GnRH-I mRNA was estimated by RT-PCR and northern blot analysis. Expression of -actin within various organs was also determined as control. B, Brain; L, liver; K, kidney; T, testis; O, ovary. (A) PCR fragments obtained with RG1/RG4 primers were analyzed by Southern blot using lamprey GnRH-I cDNA as probe. (B) As control, the cDNA of -actin was amplified using mouse -actin primers. PCR fragments were separated by gel electrophoresis and transferred to a nylon membrane. Radiolabeled mouse -actin cDNA was used as probe. (C) Expression of lamprey GnRH-I in various organs was examined by northern blot analysis using lamprey GnRH-I cDNA as a probe. An arrow indicates the band of lamprey GnRH-I mRNA with an approximate size of 650 bases. A faint signal at the arrow was observed in testis RNA.
Phylogenetic analysis of GnRH precursors
The phylogenetic trees produced were based solely on the percent sequence dissimilarity between the precursors. Both the coding sequences and amino acid sequence of prepro-GnRHs were used to construct phylogenetic trees. In Fig. 8 , only the tree for the coding sequences of GnRH cDNA is shown. The horizontal distance of each branch point indicates the relative dissimilarity between precursors shown in the tree.
DISCUSSION
The lamprey GnRH-I precursor is the first to be identified in an ancient lineage of vertebrates, from either the Agnatha or the Chondrichthyes. Novel to the GnRH family, three lamprey GnRH-I transcripts were isolated from lamprey brains. These transcripts differed in the length of the GAP coding sequence and were demonstrated to be the products of a single gene. Although the significance of three GnRH transcripts is unknown at this time, these analyses of the lamprey GnRH-precursor provide important information on the evolution and regulation of GnRH in vertebrates.
The lamprey GnRH-I decapeptide and the following processing site were between 60 and 70% identical to those of tetrapod and teleost GnRH precursors. This region of cDNA shared the greatest identity (72%) with that of chicken GnRH-II of striped bass (Chow et al. 1998) . The lowest identity (53%) was found with guinea pig GnRH cDNA (Jimenez-Linan et al. 1997) . Note that there are a number of different cDNAs of chicken GnRH-II that have been determined in different species of vertebrates. The processing site, Gly-Lys-Arg, has been well preserved throughout 500 million years of GnRH evolution. The least conserved region (an average of 16% of homology) throughout evolution was GAP, but the common feature of GAP in GnRH precursors is that they are rich in hydrophilic amino acids and this feature is evident in the lamprey also. The average identity of GAP58 with other known GAPs was 14%. The GAP58 showed greatest identity (only 20%) with that of chicken GnRH-II of gilthead seabream. The lowest identity (11%) with GAP58 was observed in the GAP sequences of salmon GnRHs of cichlid.
The function of GAP has been examined in several studies, yet no definitive functions have been established. Human GAP was found to inhibit prolactin secretion in rat and GH3 cells (Nikolics et al. 1985 , Van Chuoi et al. 1993 and was demonstrated to act through the inhibitory GTPprotein, Gi (Planas et al. 1990 ). The prolactininhibiting action of human GAP was also observed in the tilapia pituitary gland (Planas et al. 1990 ). However, this prolactin-inhibiting action was not demonstrated in other animals such as sheep (Thomas et al. 1988) . A recent study of human GAP revealed that it has a helix-loop-helix structure that is necessary for prolactin inhibition, one of the proposed functions of GAP (Chavali et al. 1997) . The lamprey GnRH-I GAP sequence does not share this secondary structure of human GAP. Instead, five short -helix regions were scattered in the GAP sequences of lamprey GnRH-I. The GAP sequence of different families of GnRH is assumed to have completely changed during the evolution of GnRH precursors. As the GAP sequence is conserved within the same families of GnRH precursors, the rearrangement of GAP sequence probably happened when gene duplication occurred to create a gene encoding a novel form of GnRH.
The signal peptide of lamprey GnRH-I shared an average of 36% identity with that of other GnRHs. Significantly greater identity (56%) was found between the signal peptides of lamprey GnRH-I and chicken GnRH-II from human. The first 24 residues make up the signal peptide, which is similar to known GnRH signal peptides in length and degree of hydrophobicity. However, the signal peptide of lamprey GnRH-I has no significant sequence homology (an average of 20% identity) with those of tetrapod and teleost GnRHs. Furthermore, the recognition site for signal peptidase cleavage does not appear to be conserved among the different forms of GnRH cDNA. Analysis of lamprey genomic DNA revealed that lamprey GnRH-I is encoded by a single gene suggesting that the three GnRH-I transcripts are splice variants of mRNA. Lamprey GnRH-I is the first GnRH gene reported to contain multiple splice sequences that produce splice variants. Another study did show two nucleotide sequences for one GnRH form in the catfish (Bogerd et al. 1994) . However, analysis of genomic DNA was not performed in these studies, and because of the small number of changes in the sequence the authors concluded that the different nucleotide sequences indicated population polymorphism rather than suggesting the presence of two catfish GnRH genes. In the present study, the differences between lamprey GnRH-I GAP49, GAP50 and GAP58 are believed to be due to alternate splicing at the intron-2 junction of the lamprey GnRH-I gene.  7. Comparison of GnRH precursor sequences. The sequences of prepro-GnRH were aligned by MegAlign (DNA STAR) using the PAM250 weight table. Boxed residues indicate the GnRH decapeptide sequence. Chicken GnRH-II, seabream GnRH and salmon GnRH sequences are all from cichlid (Bond et al. 1991 , White et al. 1994 . The chicken GnRH-I sequence is from chicken (Dunn et al. 1993) , and the mammalian GnRH is from human (Adelman et al. 1986 ).
Both the 5 -splice recognition sequence GTCAGT and the 3 -splice recognition sequence CAG are found in duplicate near the intron-2 splice junction. The splice sites of GnRH genes used in gnathostomes and in lamprey GnRH-I GAP58 are located downstream of the splice site of lamprey GnRH-I GAP50.
The 5 -splice sequence of the lamprey GnRH-I gene resembles the mammalian consensus sequence of GT(A/G)AGT, except that the lamprey sequence substitutes a C in the third position. Also similar to the mammalian GnRH gene, the 3 -splice junction of intron-2 of lamprey GnRH-I gene has a typical pyrimidine tract that is rich in the nucleotides T and C. The consensus sequence CAG was found downstream of such a pyrimidine tract in the lamprey GnRH-I. In contrast to the variable splice sequences of intron-2, the splice junctions of intron-3 are conserved among the lamprey GnRH-I transcripts. The 5 -splice sequences of intron-3 in all known GnRH genes, including lamprey, are highly homologous to the general consensus splice sequence, GT(A/G)GT. In addition, all 3 -splice sequences of intron-3 in known GnRH genes are homologous to the consensus (T/C)AG in mammalian genes.
In the present study, the tissue distribution of lamprey GnRH-I mRNA showed primary expression of lamprey GnRH-I in the brain, with slight expression in the testis and none in any other tissues examined. These data support immunocytochemical and physiological studies demonstrating lamprey GnRH-I immunoreactivity in cell bodies of the rostral hypothalamus and the preoptic area in larval and adult sea lamprey in addition to demonstrating GnRH action on the pituitarygonadal axis (Sower 1998) . GnRH expression in non-neural tissues in other organisms is documented for the uterus, ovary, testis, breast, pituitary, spleen, kidney, thymus, and blood lymphocyte (Azad et al. 1991 , Palmon et al. 1994 , Kakar & Jennes 1995 , Dong et al. 1998 . The function of GnRH in nonneural and non-gonadal tissues is unknown. However, it has been speculated that GnRH acts as a local paracrine regulatory factor in gonads of teleost fish (Habibi et al. 1988 (Habibi et al. , 1989 . Previous studies determined that lamprey GnRH could act directly on gonads to stimulate steroidogenesis (Gazourian et al. 1997 ) and on the basis of these data, GnRH is presumed to act as paracrine modulator of lamprey gonads.
 8. Phylogenetic tree generated by the cDNA coding prepro-GnRHs. The sequences of prepro-GnRH were aligned by MegAlign. The tree was generated by distance matrix method using PAUP 4·0 (Swofford 1998 Phylogenetic analysis of the precursors (both the amino acid sequences of prepro-GnRHs and the cDNA coding prepro-GnRHs) showed the same GnRH precursors grouped together in distinct clades, which can be seen for the salmon GnRH precursors, chicken GnRH-II precursors, seabream GnRH precursors and mammalian GnRH precursors. Two exceptions include the chicken GnRH-II precursors isolated from the tree shrew and from the human that do not appear to be similar to the other chicken GnRH-II precursors. This is due to the absence of a large section of sequence encoding for GAP. The second exception is the mammalian GnRH precursor from the frog, Xenopus laevis. This sequence appears to be as different from the other mammalian GnRH precursors as is the chicken GnRH-I precursor sequence from mammalian GnRH. It can be postulated that with the identification of more chicken GnRH-I precursors from other animals, the chicken GnRH-I clade will form its own branch and this will no longer be the case. Because of the evolutionary distance between lampreys and gnathostomes, the position of lamprey GnRH-I precursor is distantly located from all other GnRH branches. As a significant degree of similarity was conserved in the same family of GnRH precursors, each GnRH family formed their own branch.
A recent phylogenetic study by showed that GnRH could be classified into three families: mesencephalic forms, hypothalamicreleasing forms and telecephalic forms. According to the findings of that study, seabream GnRH belongs to the mammalian GnRH family. In contrast, phylogenetic analyses in the present study showed each family having its own branch. To date, the precursor sequences of the more primitive GnRH precursors -dogfish and tunicate-I and -IIand lamprey GnRH-III are not yet known. The precursor sequences from these forms, and those from novel GnRH forms not yet identified, will aid in further resolving the phylogenetic relationships of the GnRH family. Characterization of brain hormone genes from an extant representative of the oldest class of vertebrates is particularly important for understanding the molecular evolution and functional diversity of these hormones.
